Different from animals, sessile plants are equipped with a large receptor-like kinase (RLK) superfamily. RLKs are a family of single trans-membrane proteins with divergent N-terminal extracellular domains capped by a signal peptide and C-terminal intracellular kinase. Researches in the last two decades have uncovered an increasing number of RLKs that regulate plant development, stress response and sexual reproduction, highlighting a dominant role of RLK signaling in cell-to-cell communications. Sexual reproduction in flowering plants is featured by interactions between the male gametophyte and the female tissues to facilitate sperm delivery and fertilization. Emerging evidences suggest that RLKs regulate almost every aspect of plant reproductive process, especially during pollination. Therefore, in this review we will focus mainly on the function and signaling of RLKs in plant male-female interaction and discuss the future prospects on these topics. RLK, signaling, plant reproduction, pollen tube, female gametophyte, male-female interaction, pollen tube growth and guidance, pollen tube reception
INTRODUCTION
Ligands-activated RLKs regulate a wide range of biological processes in plants, including vegetative and reproductive development, and pathogenic response. The activation mode to some extent is similar to the RLKs in axon guidance, cell assembly or migration of animal cells (Kullander and Klein, 2002) . RLKs perceive and transmit extracellular signals, such as chemical molecules and peptides, into the cell through phosphorylation thereby activating a series of downstream components. Understanding the diversity and specificity of RLK signaling requires knowledge of the ligands, the activation mode and the downstream signaling cascade in the cellular context. Arabidopsis and rice genomes encode more than 600 and 1000 RLK members, respectively (Shiu and Bleecker, 2003; Gish and Clark, 2011) . A large percentage of these RLKs have not been functionally identified and only in a few cases the cognate ligands or the signaling cascades have been elucidated. One major obstacle of the functional analysis is functional redundancy caused by genome expansion. The RLKs in Arabidopsis consist of a number of subfamilies with different extracellular domains which are the major determinant of the signaling specificities (Shiu and Bleecker, 2003) . Recent progress highlights the key roles of peptide signals and RLKs in sexual reproduction in flowering plants.
Flowering plants employ a delicate mating system to ensure its high prosperity on the earth. One remarkable feature is that pollen tube (male gametophyte), a tip-growing tubular structure, is evolved to deliver the immobile sperm cells in its cytoplasm traversing the female tissues to the female gametophyte (embryo sac). Successful fertilization relies on sequential intercellular interactions between pollen tubes and sporophytic tissues including stigma, style, transmitting tract, as well as the embryo sac (Figure 1 ). In the compatible female tissues, the elongating pollen tube is promoted and supported by female-derived signals and nutrients and finally attracted to the embryo sac. Another typical feature of flowering plants is that the multicellular embryo sac is wrapped in the ovule which in turn is embedded in the ovary. The representative embryo sac is composed of two synergids and an egg cell at the micropyle, a large central cell in the middle, and three antipodal cells at the chalazal pole (Yang et al., 2010) . The embryo sac secretes attractants to guide the entry of pollen tubes (Higashiyama and Takeuchi, 2015) , which is to some extent similar to axon guidance in animals (Palanivelu and Preuss, 2000) . Upon compatible interaction with the female gametophyte, the pollen tube bursts in the receptive synergids to release the two sperm cells which subsequently fuse with the egg and the central cell, respectively, to accomplish double fertilization. During the guided and receptive processes, intercellular interactions take place between the pollen tube and female tissues or the embryo sac, in which secreted peptides and RLKs play important roles. Here, we will discuss our current understanding of RLKs and the signaling components in male-female interaction. Peptide signaling in pollen tube guidance has been nicely reviewed recently (Kanaoka and Higashiyama, 2015; Qu et al., 2015) .
RLKS IN POLLEN-STIGMA INTERACTION
Cell-to-cell signaling between pollen and stigma sets the beginning of pollination. More than half of the flowering plants utilize self-incompatibility (SI) systems to prevent inbreeding and enforce out-crossing. In Brassicaceae, SI is genetically controlled by variants of the single highly polymorphic genetic locus, called the S-locus (Suzuki et al., 1999; Takasaki et al., 2000) . Each functional S-locus variant comprises the S haplotype, containing an S-locus receptor kinase (SRK) and an S-locus cysteine-rich protein (SCR) gene. SRK is a transmembrane serine/threonine kinase acting as the female determinant expressed on the stigma epidermis (Figure 2) . The extracellular domain of SRK contains a S-domain including two lectin domains, a EGF-like and PAN_APPLE domains (Ivanov et al., 2010) . The male determinant SCR (~6 kD) is a defensin-like peptide derived mainly from the tapetal cells of the anther . SRK perceives SCR deposited on the pollen coat to initiate sporophytic SI response during incompatible pollination (Takasaki et al., 2000; Takayama et al., 2001) . SI is only initiated when the pollen land on the "self" stigma of the same haplotype to block pollen hydration and germination which leads to rejection of "self" pollen to prohibit self-pollination (Kachroo et al., 2001) . During out-crossing or selfing in the self-compatible species, like Arabidopsis thaliana in which the SRK or SCR alleles are non-functional, the non-self SCR could not activate SRK, thus the pollen rejection signaling is not triggered.
Sequence analysis suggests that SRK and SCR coevolve and display high sequence divergence between variants (Sato et al., 2002) . All the SCR variants exhibit the same 3D structure, but share less than 50% sequence similarity at amino acid level (Nasrallah and Nasrallah, 2014) . The specificity of the SRK-SCR pair is implied to be determined by a few amino acids while the underlying principle is still unclear. Transferring the SRK-SCR pair of A. lyrata to A. thaliana confers the SI response (Nasrallah et al., 2002) , indicating that the ligand-receptor is the primary determinant of SI. This raises the question whether the cellular signaling cascades are generally shared among species.
The signaling cascade triggered on the stigma epidermal cell by SCR-activated SRK is still poorly understood. Through genetic and biochemical approaches, two proteins were found to interact with SRK: the membrane-anchored cytoplasmic kinase MLPK (M locus protein kinase) (Murase et al., 2004) and the E3 ligase ARC1 (ARM repeat-containing protein 1) (Gu et al., 1998; Stone et al., 1999 Stone et al., , 2003 . EXO70A1, a component of the exocyst complex, interacts with ARC1 and is proposed to enhance the secretion of substances essential for pollen hydration. MLPK and SRK undergo phosphorylation upon SI pollination and they can phosphorylate ARC1 which possibly target EXO70A1 for degradation and subsequently inhibit secretion by the stigma (Figure 2) . However, functional test of these three components in transgenic SCR-SRK incompatible A. thaliana suggests that the homologs of EXO70A1, MLPK and ARC1, are not involved in the recombinant SI system (Kitashiba et al., 2011) . The molecular basis of this discrepancy is unclear. Up to now, only limited numbers of SCR-SRK signaling components are functionally identified and the function of candidate interacting factors is still unclear. In A. thaliana, with the loss of SRK function, the relieved selection pressure on the downstream components might cause their functional diversification. Thus, two scenarios could be conceived that either multiple signal cascades or different cascades are utilized in other species.
RLKS MEDIATE POLLEN TUBE GROWTH IN PISTIL
After compatible pollen-stigma interaction, peptides and their paired RLKs sustain the invasive pollen tube growth. Pollen-specific receptor kinases (PRKs) compose a family of pollen-specific leucine-rich repeat (LRR) subtype of RLKs in diverse plant species. LePRK1 and LePRK2 in tomato pollen bind stably with each other and dissociate when exposed to the pistil extracts (Wengier et al., 2003) . The pollen-derived peptide ligand LAT52 is a cysteine-rich peptide (CRP) with four cysteines and binds the extracellular domain of LePRK2 before pollination, and this binding is replaced by the stigma-derived LeSTIG1 (stigma-specific protein 1) (Tang et al., 2002 . In petunia, the pollen cell wall located SHY binds the extracellular domain of PRK2, and likely performs a similar role as LAT52. Knock-down of LAT52 or SHY impairs pollen performance on the stigma, indicating that both LAT52 and SHY contribute to optimum reproductive success (Muschietti et al., 1994; Guyon et al., 2004) . LeSTIG1 was recently found to bind phosphatidylinositol 3-phosphate (PI 3 P) and induces pollen tube growth in vitro . Although how the pollen-derived LAT52 and SHY and the stigma-derived STIG1 coordinate pollen tube performance on the stigma through LePRK1-PRK2 remains to be established, it appears that different ligands function in different stages during pollination. Different ligands determine the different signaling modes of the RLKs (Figure 2 ). Phosphorylation of LePRK2 is essential for LePRK1-PRK2 dimer formation. The style-derived factor STIL induces dephosphorylation of LePRK2, thus disrupts its association with LePRK1 . This dynamic phosphorylation appears to be correlated with different ligands, while its molecular basis still needs further investigation especially how phosphorylation sites are selected in response to specific ligands. Consistently, LePRK2 exists as multiple isoforms and is phosphorylated at two motifs in the juxtamembrane domain and these phosphorylation act antagonistically during pollen tube growth . This antagonistic regulation confers a delicate fine-tuning of PRK signaling capacity, thereby transducing different extracellular signals into the pollen tube. Pollen grains over-expressing LePRK1 germinate pollen tubes with enlarged tips, often with "bleb" generating from the tip, which suggests a role of LePRK1 in pollen tube growth (Gui et al., 2014) . This finding confirms that the dissociated LePRK1 and LePRK2 both function during pollen tube growth within the pistil, possibly in response to different ligands. On the contrary, another aspect making the signaling pathway more complex is that PRKs share overlapping function as evidenced by the aggravated shortened pollen tubes in mutants depleted with multiple PRKs (Chang et al., 2012) .
Interestingly, both LePRK1 and LePRK2 function through KPP (kinase partner protein), a Rop (Rho-like small GTPase from plant) guanine nucleotide exchange factor (RopGEF) (Zhang et al., 2008; Gui et al., 2014) . In Arabidopsis, several members of PRK homologs also regulate pollen tube growth through RopGEF (Zhang and McCormick, 2007; Chang et al., 2012) . Similar to the effect of excessive LePRK2 or KPP, over-expression of AtPRK2 or AtGEF causes ectopic GEF activity at a broad range on the plasma membrane of the tube tip, leading to pollen tube depolarization. Thus the mechanism of PRK2-RopGEF mediated pathway is pivotal for pollen tube polarity. This polarized growth is self-organized through positive feedback regulation by spatiotemporal modulation of Rop activity (Yalovsky et al., 2008) . The spatial distribution of RopGEF and the negative regulator RopGAP restrict Rop activity at the tube tip to maintain the oscillatory tip growth. Considering the expression of several GEFs and multiple PRK members and their multiple complex isoforms in pollen tubes, the signaling specificity from RLKs to GEFs or the biological significance of this signaling multiplicity have not been determined. Although the PRK2-RopGEF signaling module has long been established, several key questions to understand the PRK-mediated signaling have not been answered: (i) What is the ligand of each PRK? (ii) How the ligand-binding on the extracellular domain activate the cytoplasmic kinase? (iii) How the phosphorylation state of the cytoplasmic domain of PRK coordinates GEF activation?
RLKs also function in pollen tube growth under stress condition. SKM1 (sterility-regulating kinase member 1) and SKM2 are two homologous LRR-RLKs expressed in the pollen which perceive the pistil-expressed CLE45, a CLV3/ESR-related peptides in Arabidopsis (Endo et al., 2013) . Interestingly, CLE45 expression is induced in the transmitting tract at high temperature. Disturbance of CLE45-SKM1/SKM2 signaling reduces pollen tube growth in the pistil at high temperature. This finding reveals a protecting mechanism of RLKs in adapted pollen-pistil interaction at hostile environment.
RLKS REGULATE THE INTEGRITY OF POLLEN TUBES
Pollen tubes have to coordinate cell wall dynamics with internal growth machinery to maintain fast growth and cell integrity. ANX1 and ANX2, two RLKs of CrRLK1L family, is shown to regulate pollen tube integrity ( Figure 2 ). The CrRLK1L family is conserved in plants and consists of 17 members in Arabidopsis. ANXs are expressed in pollen tubes and loss-of-function of both ANX1 and ANX2 causes precocious pollen tube burst when grown in vitro or in the pistil (Boisson-Dernier et al., 2009; Miyazaki et al., 2009 ).
Recently, a plasma membrane-localized receptor-like cytoplasmic kinase MARIS (MRI) is identified as a positive regulator of the ANX pathway. Similarly, mri mutants display spontaneous pollen tube rupture and the MRI R240C point mutation suppresses pollen tube rupture defect of anx1 anx2 (Boisson-Dernier et al., 2015) . Cytosolic kinase can transduce the signal from RLK down to different components, while the physical link between ANX and MRI and the signaling cascade of kinases are still unclear. Reactive oxygen species (ROS) has been established to be involved in a wide range of cellular signaling events (Figure 2) . Two NADPH oxidases, RbohH and RbohJ, functioning in ROS generation, act downstream of ANX and fine tune Ca 2+ homeostasis (Boisson-Dernier et al., 2013) . Both ANX and ROS signaling promote the exocytosis pathway which subsequently influences the cell wall thickness. RbohD is activated via the direct phosphorylation by cytosolic kinase in the RLK complex during pathogen response (Li et al., 2014) , it would be plausible to speculate that MRI or other cytosolic kinases also activate RbohH/J. It was proposed that ANX and the CrRLK1L family, as a signaling integrator, could sense the cell wall integrity simultaneously (Cheung and Wu, 2011; Lindner et al., 2012) . The CrRLK1L family contains two malectin-like domains at the extracellular region sharing limited homology with the animal endoplasmic reticulum-localized malectin that bind di-glucose (Schallus et al., 2008) . This sequence similarity is indicative of a cell wall binding potential of the family. Another CrRLK1L member THE1 suppresses plant growth under cellulose deficiency, which further indicates that this family could mediate a cell wall-related process (Hematy et al., 2007) . But the mechanical link between these RLKs and the cell wall material is still unclear. Considering that the extracellular matrix of plant cells is highly heterogeneous, the dissection of direct binding of the proteins to the cell wall is difficult. CrRLK1L member has been shown to bind secreted peptide as well (Haruta et al., 2014) . Thus the identification of the ligand of ANX is also of great interest to understand the signaling activation mechanism. On the other hand, cell wall stiffness is dynamically fine-tuned by the balanced activity between pectin methylesterase (PME) and pectin methylesterase inhibitor (PMEI), which regulate the homeostasis of pectin (Jiang et al., 2005; Rockel et al., 2008) . Homogalacturonan is the major pectin species, and is synthesized in the Golgi and secreted in methyl-esterified form at the pollen tube tip where it is further demethylesterified by PME synergistically with the growth oscillation (Wolf and Greiner, 2012) . PMEI counters the enzyme activity of PME through direct binding (Hothorn et al., 2004) . Given that PME activity has an alkaline pH preference, H + release accompanied by the removal of methyl groups leads to PME inhibition. In future studies, the elucidation of the molecular relationship between ANX signaling and the pectin state will help to understand how cell wall dynamics is regulated by the RLK signaling.
Additionally, the Ca 2+ influx disruption caused by the loss of calcium permeable channel CNGC18 also causes pollen tube rupture similar to that of anx1 anx2 (Frietsch et al., 2007) . Interestingly, it was observed that the rupture of the anx1 anx2 pollen tubes is accompanied by a transient high Ca 2+ spike, while in rboh j/h pollen tubes, the Ca 2+ is decreased and less stable (Boisson-Dernier et al., 2013) . Furthermore, mechanical stress, most likely, also plays a role in regulating the pollen tube integrity. It was reported that the loss-of-function mutation in the pollen-expressed mechanosensitive channel MSL8 causes pollen tube rupture upon germination (Hamilton et al., 2015) . Surprisingly, MSL8 forms a mechanosensitive ion channel with a preference for anions when expressed in Xenopus laevis oocytes. It will be of interest to dissect the intersection or relationship between ANX and these cation and anion channels.
RLKS IN POLLEN TUBE GUIDANCE
After navigation in the style and transmitting tract, pollen tubes penetrate the septum surface and climb onto the funiculus to find the ovules. This process is designated as funicular guidance (Figure 1 ). Genetic evidence from mutants with either embryo sac and/or integument developmental defects shows discrepancy as to the source of funiculus guidance cues. Brassica pollen tube can penetrate the style and grow in the transmitting tract of Arabidopsis, but unable to penetrate the septum, i.e. not attracted by the ovule-derived funicular guidance cues (Kandasamy et al., 1994) . This phenomenon suggests that the signal should be diffusible secreted proteins or peptides with species specificity. Phytosulfokine (PSK) is a disulfated pentapeptide and functions as a universal peptide growth factor in plants. PSK plays a role in the attraction of pollen tubes at funiculus stage (Stuhrwohldt et al., 2015) , while its attracting activity still awaits to be demonstrated. PSKR, the receptor of PSK, regulates cell expansion in plant development (Matsubayashi et al., 2002) . Loss of PSKR or TPST which sulfates PSK, causes arrested pollen tube growth in the pistil with reduced funicular guidance (Stuhrwohldt et al., 2015) . This phenotype is pronounced when the mutant was used as the male or female side in cross-pollination or under self-pollination, indicating a more complex mechanism. We found recently that SERK family acts as the co-receptor of PSKR . However, it is still unclear whether the SERK family is also involved in pollen tube performance or other similar RLK family function as the co-receptor of PSKR during pollination. Two mitogen-activated protein kinases, MPK3 and MPK6, are also required for funicular guidance of pollen tubes in Arabidopsis (Guan et al., 2014) .
After finding the ovule, pollen tubes continue to grow through the micropylar opening to find the embryo sac, a process called micropylar guidance (Figures 1 and 3) . During micropylar guidance, the defensin-like peptides LUREs secreted from the synergids attract pollen tubes in both Arabidopsis and Torenia fournieri (Okuda et al., 2009; Takeuchi and Higashiyama, 2012) . In maize, a distinct peptide ZmEA1 emitted from the embryo sac serves as the female attractant (Márton et al., 2005) . These findings suggest that the monocot and dicot may use different peptide signals to attract pollen tubes. Plasma membrane localized receptors in the pollen tubes have been implied to perceive the guidance cues from the embryo sac (Li et al., 2011; Li and Yang, 2012) . Recently, two independent works identified the putative LURE1 receptors in Arabidopsis (Wang et al., 2016, Takeuchi and Higashiyama, 2016) . Two RLKs, MIK1/2 and MDIS1, serve as the receptor/co-receptor complex to perceive LURE1 and transduce the signal into the cell by transphosphorylation . PRK6, a member of the PRK family mentioned above, was also shown to be essential for both LURE1 perception and pollen tube growth (Takeuchi and Higashiyama, 2016) . These findings raise two possibilities: there is more than one receptor for a ligand or they are among the multiple components of one signaling pathway (Cheung and Wu, 2016) .
Ligand-induced dimerization, co-receptor requirement and phosphorylation are important mechanisms to activate the RLK signaling cascades. A number of RLKs employ co-receptors to transduce the ligand signal into the cell, such as FLS2-BAK1 and EFR-BAK1 co-receptor complex perceiving pathogen-derived peptide flg22 and elf18 respectively in innate immunity (Roux et al., 2011) , BRI1-BAK1 receptor complex perceiving brassinosteroid during plant growth, as well as PSKR1-SERK (Santiago et al., 2013) . In previous reported receptor/co-receptor complex in plants, the co-receptor does not directly participate in ligand bind-ing, but recruited to the ligand-receptor complex to transduce the signal by transphosphorylation (Santiago et al., 2013; Sun et al., 2013; Wang et al., 2015) . In contrast, both MIK1/2 and MDIS1 bind LURE1, although with different affinity . The constitutive interaction between MDIS1 and MIK1 possibly enables a quick and efficient sensing of the gradient of female attractants along the growing path of the pollen tube. Although the biological significance of the phosphorylation of MDIS1 by MIK1 induced by LURE1 is still unclear, it is possible that LURE1 induces conformational change of the kinase domain to facilitate phosphorylation and activation of the downstream proteins. Site-directed mutagenesis and structural analysis of MDIS1-MIKs complex will improve our understanding of the biochemical mechanism of the MDIS1-MIK1 sensing of LURE1.
Both receptor-mediated phosphorylation and Rop-GEF-based ROP activation function in cell surface signaling in pollen tubes. The discovery of MDIS1-MIK1 complex highlights the critical role of ligand-induced receptor phosphorylation, which may trigger a phosphorylation cascade of downstream pathways critical for guided pollen tube growth. Indeed, the cytosolic kinases LIP1 (lost in pollen tube guidance 1) and LIP2 are required for pollen tube response to LURE1 (Liu et al., 2013) and interacts with PRK6 (Takeuchi and Higashiyama, 2016) . Additionally, AGC kinases and MPK3/6 cascade also play a role in regulating pollen tube growth and guidance (Zhang et al., 2009 ). Alternatively, ROP signaling is also implied to play a role in guidance through the finding that PRK6 interacts with RopGEF12 (Takeuchi and Higashiyama, 2016) . It is not known whether this interaction leads to RopGEF12 phosphorylation. Intriguingly, the kinase activity of PRK6 is not required for the pollen tube perception of LURE1 but essential for the pollen tube growth (Takeuchi and Higashiyama, 2016) . Previous studies shows that GEF1 phosphorylation by PRK2 was essential for its full function (Chang et al., 2012) . It raises the query that if the kinase-dependent GEF activation is common for all PRK family member or just specific to PRK2. LePRK2 undergoes two different phosphorylation modes which antagonistically regulate its function during pollen tube growth. Thus, whether PRK6 itself or GEF12 needs to be phosphorylated by other RLKs, for example MIK1, is an interesting question. And our unpublished data suggest that MDIS1/MIK signaling may also include GEF pathway. Further investigation is needed to clarify the relationship between the MIK1/2-MDIS1 and PRK6 signaling pathways. The LURE1-mediated guidance is a redirecting process of the tip growth. This suggests that LURE1 perception initiates a new signal cascade that redistributes the cytoskeleton and vesicles to the LURE perception site on the plasma membrane. Further dissection of the link between the GEF-ROP and phosphorylation pathway is of importance to understand mechanisms coordinating this redirecting process.
RLKs in pollen tube reception
Upon arrival at the embryo sac, the pollen tube tip interacts directly with the synergids of the embryo sac. This intercellular interaction is called pollen tube reception that is also regulated by RLKs (Figure 3) . FERONIA (FER), a homologue of ANX, is the first RLK found to regulate pollen tube reception in the synergid. Pollen tubes fail to rupture in the synergid of the fer mutant ovules, resulting in overgrowth of the pollen tube inside the embryo sac (Huck et al., 2003; Escobar-Restrepo et al., 2007) . This suggests that FER is required to trigger pollen tube rupture. Interestingly, FER is expressed broadly except in pollen, which correlates with its multiple roles in plants. Indeed, FER plays roles in seedling development, root hair growth, trichome morphogenesis, responses to hormone and pathogen. The function of FER and CrRLK1L family has been discussed by several excellent reviews (Boisson-Dernier et al., 2011; Cheung and Wu, 2011; Lindner et al., 2012) . Here we will mainly focus on its role in pollen tube reception.
FER is accumulated at the plasma membrane of the synergid and the function is dependent on the extracellular signals. It was proposed that FER on the synergid membrane perceives signals from the pollen tube to initiate programed cell death of the interacting synergid, and in turn, the tube also sense signals from the synergid to trigger pollen tube rupture. The reproductive proteins involved in fertilization or pollination generally display sequence polymorphism. Sequence analysis suggests that the extracellular domain of FER was under positive selection during species evolution, thus the signal perception of FER could function as an interspecies cross barrier (Escobar-Restrepo et al., 2007) . In contrast, the cytoplasmic kinase domain of FER can be replaced with that of ANX for full function of FER (Kessler et al., 2015) . Although the ligand of FER from the pollen tube is not yet identified, studies in plant growth have unveiled that a secreted peptide-RALF1 (rapid ALkalization factor 1), most likely acts as the ligand of FER during seedling growth (Haruta et al., 2014) . RALF family has been linked to cell wall alkalization and inhibits cell expansion in many plant species (Matsubayashi, 2014) . Interestingly, a pollen-specific RALF has been reported to inhibit pollen tube elongation in tomato (Solanum lycopersicum) (Covey et al., 2010) . Arabidopsis genome encodes 34 RALF members and some of them are expressed in pollen and/or synergids or induced by pollination, suggesting a role in gametophyte interaction or function although none has been functionally characterized Boavida et al., 2011) . The pollen tube rupture is preceded by a temporal growth arrest of the pollen tube upon contact with the synergid, which is essential for the following burst. Considering the role in restraining cell expansion, RAFL from the synergid might inhibit the pollen tube growth at the synergid. Interestingly, triple mutant of three transcription factors MYB97, MYB101 and MYB120 which are expressed in the pollen tube displays fer-like phenotype (Leydon et al., 2013; Liang et al., 2013) , suggesting that they may mediate the production of FER ligand in the tube. ANX1/2 in the pollen tube is required to prevent the tube from rupture. It is not known how the homologous RLKs perform antagonistic roles with FER promoting and ANX preventing pollen tube burst. Undoubtedly, the identification of ligands for FER and ANX would provide more insight into the underlying mechanism.
LORELEI (LRE) is a glycosylphosphatidylinositol (GPI)-anchored protein (GPI-APs) expressed in the synergid and required for pollen tube reception. GPI-APs are important cell sensors in eukaryotic cells, especially in sperm-egg fusion in animals, and they are often localized in the lipid raft on the plasma membrane (Stein et al., 2004) . The GPI synthetic pathway and several members of the GPI-APs have been reported to function in plant reproduction (Lalanne et al., 2004; Tsukamoto et al., 2010; Dai et al., 2014) . Recent evidences show that the GPI anchor is dispensable for the LRE function and even ectopically expressed LRE from the pollen tubes could non-cell-autonomously rescues lre mutant (Liu et al., 2016) . LRE and its homolog LLG1 have been reported to interact with FER and function as a component of the FER-regulated Rho GTPase signaling pathway in plant growth . Thus it was postulated that LRE and LLG1 function as co-receptor or chaperone of FER.
Recent data show that FER transduces signals through Ca 2+ and ROS. One of the outstanding downstream components of FER is Ca 2+ , which is a universal second messenger in multiple cellular responses. Transient increase of cytosolic Ca 2+ induced by RALF1 is reduced in fer seedlings (Haruta et al., 2014) . Similarly, the pollen tube arrival at the synergid is also accompanied by a characteristic FER-mediated Ca 2+ responses (Iwano et al., 2012; Ngo et al., 2014) . Pollen tube arrival triggers sequential cytoplasmic Ca 2+ response including an initial Ca 2+ spike and the following Ca 2+ flood in the receptive synergid, which precedes a prolonged high level of Ca 2+ accompanied by the rupture and the collapse of the receptive synergid. In the synergid of fer and lre, this pollen tube-triggered Ca 2+ dynamics is dramatically compromised (Ngo et al., 2014) . These suggest that such Ca 2+ signature is specific to pollen tube reception. Another key signaling molecule downstream of FER is ROS. In the synergid, ROS accumulates at the filiform apparatus, a structure with membrane protrusion from the synergids and is required for pollen tube rupture (Duan et al., 2014) . This ROS accumulation is dependent on FER and LRE in a Ca 2+ dependent pathway. It is still unknown if additional ROS burst takes place upon pollen tube arrival. In this context, it is not known whether the ROS generation is dependent on the ligand perception. In addition, ROS and Ca 2+ mutually regulate each other in vegetative tissues (Gilroy et al., 2014; Gorlach et al., 2015) . How they cross-talk is not clear during pollen tube reception.
An exciting finding is that FER is required for mechanical signaling by regulating [Ca 2+ ] cyt and pH response (Shih et al., 2014) . In fer roots, but not in other mutants of CrRLK members, the biphasic Ca 2+ and pH response under stretch is impaired and only the first Ca 2+ response remains. Based on these studies, FER is proposed to monitor the growth-related strain to balance the dynamics of cell expansion which drives the internal mechanical strain and Ca 2+ fluctuation. How FER perceives the stretch and translates the strain to intracellular pH and Ca 2+ change remains unknown. Similarly, in the receptive synergid of fer, the first Ca 2+ response is remained although prolonged but the second phase is trailed off (Ngo et al., 2014) . This suggests the possibility that FER specifically regulates the second Ca 2+ response which correlates with the mechanical gating of Ca 2+ channels in the synergid. This second phase Ca 2+ flood is proposed to be the direct trigger for the cell death of the receptive synergid and pollen tube burst. This speculation is rational considering the durative growth of the tube to the synergid after initial cell surface contact. The functional characterization of mechanosensitive ion channels expressed in the synergid will shed light on the molecular mechanism of FER on Ca 2+ modulation. Based on these findings, in FER mediated pollen tube reception, both ROS generation and Ca 2+ entry in the embryo sac are indispensable for pollen tube burst. However, in ANX1 mediated pollen tube-autoregulation, the reduced ROS and Ca 2+ appear to be correlated with pollen tube burst. This discrepancy still lacks reasonable explanations supported by evidences, but the exogenous and endogenous ROS might act differently. RALF1-FER interaction induces the phosphorylation of plasma membrane AHA2 (H + -adenosine triphosphatase 2) (Haruta et al., 2014) , which may contribute to the FER-mediated pH response upon stretch. AHA-mediated pH homeostasis may also contribute to cell wall mechanics and membrane potential which in turn may influence the Ca 2+ and ROS signaling. Another downstream component of FER is NORTIA (NTA) which encodes seven-transmembrane protein previously designated MLO7. NTA is expressed specifically in the synergid and upon pollen tube arrival it is targeted micropylarly to the synergid membrane in a FER-dependent manner (Kessler et al., 2010) . Interestingly, FER is also involved in fungal invasion in a similar mode with MLO in barley, tomato and Arabidopsis (Piffanelli et al., 2004; Consonni et al., 2006; Bai et al., 2008) . This indicates that fertilization and pathogen response share some common signaling components during evolution. In barley, the Ca 2+ -dependent binding of calmodulin to MLO is required for the function of MLO, suggesting a Ca 2+ -mediated signaling pathway (Kim et al., 2002) . Interestingly, the magnitude of Ca 2+ response is reduced, but the pattern is not changed in the nta synergids with defective pollen tube reception. Thus NTA is a modulator of the magnitude of Ca 2+ signature (Ngo et al., 2014) . These imply a possible feedback regulation between NTA and Ca 2+ , although the dependence of NTA on Ca 2+ or calmodulin has not been demonstrated. Together, the FER-mediated membrane targeting of NTA and its role in pollen tube reception need further investigation in the future.
Furthermore, FER might also act through RAC/ROP signaling pathway by interacting with multiple RopGEFs (Duan et al., 2010) , as that of PRKs-mediated pathway during pollen tube growth. It is unclear if GEF-ROP module is also recruited by FER in the synergid or ANX in the pollen tube. FER depletion leads to root hair rupture resembling the precocious bursting of anx1 anx2 pollen tubes, raising the paradigm that FER/CrRLK1L are among the central regulators of cell polar growth or cell expansion in general. Taken together, a complex network including, at least if not all, extracellular ligand perception, ROS production, pH homeostasis, Ca 2+ dynamics and cell wall integration, are employed during pollen tube reception.
PROSPECTS
The expression profiling results showed that a plenty of RLKs and secreted peptides were expressed in pollen tubes, ovules and pistils, indicating an intense male-female communication through ligand-RLK signaling (Chae and Lord, 2011; Loraine et al., 2013; Qu et al., 2015) . To date, only a few RLK-ligand pairs have been established or functionally analyzed. Thus, one of the major tasks in the future is to identify more RLK-ligand pairs and decipher their roles during plant reproduction. We anticipate that future studies on the functional characterization and dissection of signaling pathways mediated by RLKs in the interaction between pollen tube and different female tissues will expand and deepen our understanding of signaling mechanisms in plant reproduction.
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